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Abstract 
Membrane contactors are discussed as alternative for mass transfer in chemical absorption processes. Their benefits compared to 
structured packings were investigated in a pilot plant gas scrubber for CO2 absorption. The results of the tests are presented. 
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1. Motivation 
The Intergovernmental Panel on Climate Change (IPCC) reported that global CO2 emissions need to be reduced 
by 50-80% until 2050 to avoid the most damaging effects of climate change. Since renewable energies are not 
capable of covering the growing energy demand in the short to medium term, fossil fuels will continue to play an 
important role in power generation. Therefore real-time implementable concepts for power stations to minimize CO2 
output are needed. 
Thus, in the last years CO2 capture and geological storage (CCS) have gained huge importance in industry and 
research. For post combustion capture of CO2 from flue gas especially gas scrubbing is a promising approach. To 
improve the efficiency of CO2 gas scrubbers and to reduce operational costs, ongoing projects are focussing on 
reducing the energy demand for solvent regeneration, a better solvent stability towards flue gas components and an 
adaption of scrubber operation to the power plant conditions. 
Today in the absorption columns of a gas scrubber usually random or structured packings are used. Membrane 
contactors are rarely investigated, although they have significant benefits compared to packed columns. 
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Figure 1: schematic description of mass transfer in membrane contactors [2] 
 
The conventional technique for CO2 absorption is based on packed columns. Here, the so called counter flow 
principle is applied with up streaming flue gas and down streaming solvent (water, monoethanolamine, 
diglycolamine etc.). The gas contacts the liquid in the structured packings, where an intensive contact between both 
phases is realized, leading to the absorption of CO2 in the liquid. However, due to direct contact of solvent and flue 
gas, also components like oxygen and sulfur oxides react with the scrubber liquid. These gas components are known 
to have significant influence on stability and performance of solvents on alkanolamine basis, resulting in decreased 
solvent capacity for CO2.  
Another disadvantage of structured packings is the L/G dependency on scrubber performance. Especially at 
higher L/G ratios necessary to achieve the required CO2 capture rate of 90 %, the upper load limit might be reached.  
The upper load limit (flooding) depends on the type of packing and the properties of gas and solvent. Flooding is 
characterised by the complete retaining of the solvent in the packing by the counter flow of gas. Flooding results in a 
reduced separation and an increased pressure drop. Sometimes solvent loss with the gas occurs. A packed tower is 
operated most efficient slightly below the upper load limit. Under these conditions the gaseous phase is emulsifying 
the solvent leading to a very effective mass transfer. The lower load limit of packed towers is marked by just 
reaching a complete wetting of the packing surface. For membrane contactors no load limits exist.  
The use of membrane contactors is currently discussed as an alternative for flue gas decarbonisation by chemical 
absorption processes. In contrast to conventional gas scrubbers gas and liquid phase are separated by the porous 
membrane, which offers a large contact area compared with packed towers. This results in several advantages: the 
feasibility to vary the flow parameters of gas and solvent independently and the decline of interaction with flue gas 
components like oxygen and sulfur oxides. Since the mass transfer takes place through the pores of the polymeric 
membrane, a larger specific mass transfer area compared to structured packings is provided. This allows a reduction 
of column size and a dispersion-free mass transfer takes place. Fig. 1 shows the mass transfer in membrane 
contactors schematically. 
2. Methods and Materials 
However, in engineering and construction, membrane contactors are challenging. Due to additional resistance by 
the membrane, the mass transfer of flue gas components into the liquid is inhibited. Furthermore, the membrane 
contactor has to be chemically resistant towards the solvents and has to meet the process conditions concerning 
temperature and pressure fluctuations during scrubber operation.  
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For this application, the membrane contactors consist of a pack of capillary hollow fibres embedded in a tube, 
whereas the gas passes through the capillaries lumen in a counter flow to the fluid phase in the space between the 
hollow fibres. To enhance the mass transfer of the CO2 into the solvent via the porous membrane, residence time 
and homogenization of the solvent were improved by optimized contactor construction. For this purpose a so called 
distribution pipe and a baffle are embedded in the contactor, ensuring an adapted conduction of the flow and a 
longer residence time of the solvent. In order to assure module stability at the pressure levels of the pilot plant in 
combination with high chemical and temperature resistance, the membrane contactor is equipped with stainless steel 
housing. 
As membrane material capillary hollow fibres made of PP with an average pore size of 0.2 m were used. The 
packing density was about 450 m2 / m3 with a mass transfer area of 24 m2 for the two-stage membrane absorber. Due 
to their strong hydrophobic character PP membranes were expected to serve as barrier layer and thus prevent 
unwanted transfer of scrubber liquid into the gaseous phase. 
In order to prove chemical stability, at the beginning of module construction, the PP membranes were stored in 
MEA for several weeks. Thereby, in visual review, no degradation of the membranes was observed. In addition, no 
losses in mechanical strength or decreased contact angles due to increased hydrophilicity of the membrane material 
were observed. Nevertheless, later permeability tests with membrane samples stored in different solvents like MEA 
and DGA at 65 °C for several days showed an increased permeability compared to unspent membranes.  
The pilot plant allows studying gas scrubbing of sour gases from different gas compositions under absorption 
pressure up to 26 barabs with simultaneous regeneration. Flow parameters of 2.500 Nm³/h gas and 2.000 kg/h solvent 
are possible. The plant is equipped with multiple measurement techniques to characterize process parameters of 
absorption and regeneration. The absorption column (height 4.7 m, inside diameter 0.312 m) and the regeneration 
column (height 5.76 m, inside diameter 0.316 m) are filled with structured packings (Sulzer Mellapack Plus 252.Y 
and 752.Y, respectively) each with a mass transfer area of 50 m². 
A two-stage absorption column (height 1.80 m, inside diameter 0.2 m each) charged with membrane contactors 
has been added, allowing the operation of either the packed column or membrane contactor absorber. The process 
control system and engineering station is a S900 bus system based on the software Freelance 2000 by ABB.  
To achieve a high flexibility concerning the liquid to gas mass flow ratio (L/G ratio) in kg/kg, the two membrane 
contactor modules are interconnected with each other, so that gaseous and liquid phase can flow through the 
contactors in parallel or serial. Because of the two-stage construction L/G ratios of 0.1 up to 32 (kg/kg) were 
attained.  
The L/G ratio during the hydrodynamic test of the packed column with water was limited to 8 kg/kg due to 
restrictions of the pilot plant. These restrictions are caused by the design of the pilot plant for higher absorption 
pressure and lead to a relatively narrow range of L/G ratios to adhere a stationary flow process. These limitations 
were taken into account in the comparison of membrane contactors and packed column.  
The transmembrane pressure between the liquid and the gaseous phase should be limited to 0.6 bars. For this 
application the pressure in the liquid phase should always be higher than in the gas. The transmembrane pressure 
was adapted according to the operating performance between 0 and 0.4 bars. The IUTA pilot plant after the 
integration of the two-stage membrane contactor is shown in Fig. 2. 
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Figure 2: IUTA plant with membrane contactors (photo: T. Stelzmann) 
3. Experiments
At the pilot plant a comparison of the CO2 capture ratio from a model gas typical for a coal fired power station 
has been performed. The model gas consists of 14 % by volume CO2 and 6 % by volume O2 in nitrogen.  
During membrane contactor operation the absorption column with structured packings (Sulzer Mellapak Plus 
252.Y) is by-passed or vice versa. The regeneration of the solvent is done by pressure release, heating and stripping 
with steam.  
The CO2 capture ratio is determined by a gas balance of the pilot plant. To measure the CO2 and O2 content of the 
gas a multi gas analyzer (Rosemount NGA 2000) is used. Pressure and CO2 concentration in the gas flow to the 
packed column or membrane contactor are kept constant, so that the mass flow of added CO2 from a tank to the 
model gas corresponds with the achieved CO2 capture ratio. The mass balance of oxygen was performed 
concordantly. If the O2 concentration decreases, synthetic air is added. For all tests the absorption pressure was 
5 bars abs and 1.8 bars abs during regeneration. For the L/G ratio the error margin based on the mass flow detection 
for solvent and gas sums up to ± 2.1 %. The error margin for the CO2 capture ratio is ± 2.3 %. These are the 
maximum errors valid for the pilot test campaign with packed column and membrane contactors. 
As the mass transfer area of the two-stage membrane contactor is significantly lower than that of the packed 
column absorber, the CO2 capture ratio has been standardized to a mass transfer area of 50 m². The determination of 
the CO2 capture ratio of the membrane contactor absorber is influenced by uncertainty concerning the exact mass 
transfer area.  
4. Results
CO2-Absorption in Water 
The comparison of membrane contactor and structured packings for physical absorption in water was performed 
with pure CO2. The solvent regeneration was done by pressure reduction and heating up to 65 °C. The L/G ratio was 
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varied between 0.5 and 2.5 (kg/kg). The difference of solvent loading between absorber and regenerator reached 
5.5 g CO2/l water for the membrane contactors at L/G 0.5 (kg/kg). In the thermodynamic equilibrium under the 
respective absorber and regenerator conditions a loading capacity of 6 g CO2/l water is possible with respect to the 
maximum solubility of CO2 in water. This can be nearly reached already with a membrane contactor with a mass 
transfer area of 24 m². As can be seen in Fig. 3, the membrane contactor with a comparable mass transfer area like 
the packed column will perform much better than the structured packings. Under these conditions the maximum 
CO2 solubility in water is nearly reached for all L/G ratios. With the structured packings a corresponding solvent 
loading of 4.2 g CO2/l water was achieved, independent of the L/G ratio. These results show the potential of 
membrane contactors e.g. for gas scrubbing with water at elevated pressure and high CO2 partial pressure. 
 
Figure 3: CO2 absorption in water at different L/G ratios and 20 °C: comparison of membrane contactor and 
structured packings (Sulzer Mellapak Plus 252.Y) [1] 
 
Chemical Absorption 
At the IUTA pilot plant also the performance of membrane contactors and structured packings on CO2 capture in 
several amine solvents has been compared. A selection of 1.6 molar aqueous solutions of monoethanolamine 
(MEA), diglycolamine (DGA) and the potassium salt of glycine (K-Gly) has been tested. At pilot plant conditions 
the CO2 capture ratio is approximately 26 to 42 % at a L/G ratio of 3 (kg/kg) depending on the achieved loading 
capacity of the solvent (0.25 to 0.4 mol CO2/mol amine). 
The molar concentrations of the solvents were equal and limited to reduce the impact of the alkanolamines MEA 
and DGA on the surface tension of the solvent. The surface tension of aqueous alkanolamine solvents is lower than 
that of water and depends on the amine concentrations [3]. A lower surface tension leads to a drop in the tolerable 
transmembrane or breakthrough pressure of the membrane contactors. By exceeding the breakthrough pressure, 
solvent passes the membrane first through some of the larger pores and permeates into the gas, thereby reducing 
significantly the mass transfer area. Despite the low alkanolamine concentration, the permeation of liquid into the 
gaseous phase increased during the operation time of the membrane contactors. 
The breakthrough pressure depends on the contact angle between membrane and solvent, the pore size and the 
surface tension of the solvent. In [4] changes of PP membranes by alkanolamines like MEA are mentioned. 
Furthermore the individual pore size might be 0.5 μm or more, exceeding significantly the average size of 0.2 μm 
given in the membrane specifications. By this, the tolerable transmembrane pressure is reduced at specific 
membrane areas and an increasing hydrophilicity of the membrane is induced. Solvents with high surface tension 
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like water or amino acid salt solution tend to penetrate the membrane pores. Thus, the effective pore diameter is 
extended, too [4]. 
In Figure 4 the results of comparative determination of the CO2 capture rate for 1.6 molar MEA are shown. It has 
to be mentioned, that again the results of the membrane contactor tests are standardized to the mass transfer area of 
the structured packings. 
In the pilot tests with the packed column the capture ratio escalated with the L/G ratio and reached 33 % with a 
L/G ratio of 2 (kg/kg). Caused by the equipment of the pilot plant a further increase of the L/G ratio was not 
possible. With higher L/G ratios approaching the flooding limit of 5.7 (kg/kg) for 1.6 m MEA, higher CO2 capture 
ratios would have been possible. With the two-stage membrane contactor the capture ratio of 33 % was achieved 
when the L/G ratio rose to approx. 3 (kg/kg). 
With the two-stage membrane contactor operated in serial mode the capture ratio increased with the L/G ratio to 
47 %. In figure 4 the results of two campaigns are merged together. At the end of the first campaign (corresponding 
to L/G 2.2 (kg/kg)), solvent was removed from the gas volume of the contactors and the apparatus was dried. By 
this, the correlation between L/G and CO2 capture ratio becomes more clearly. 
A reduction of the L/G ratio by operating the two-stage membrane contactor in the parallel mode for gas and 
solvent showed no benefits. In membrane contactors the CO2 capture ratio is mainly influenced by the mass transfer 
via the membrane. This is illustrated by the smooth enhancement of the CO2 capture ratio with the L/G ratio 
between 1.1 and 1.6 (kg/kg). Caused by the additional resistance not enough CO2 passes the membrane and the 
additional capacity of the solvent cannot be used.  
Figure 4: CO2 absorption in 1.6 m MEA at different L/G ratios: comparison of membrane contactor and 
structured packings (Sulzer Mellapak Plus 252.Y) [1] 
 
The comparison of the CO2 absorption in a membrane contactor with the dispersive mass transfer in a structured 
packing showed the strong influence of the membrane thickness (0.45 m) on the diffusive mass transfer through 
the membrane pores. The effect of increasing the L/G ratio on the CO2 absorption was thereby limited, especially for 
DGA and K-Gly. Only the test campaign with the MEA solvent showed the potential of membrane contactors by the 
rising of the CO2 capture ratio with increasing L/G ratios. 
The absorption of CO2 is an exothermal process, which usually results in a considerable temperature rise in the 
solvent. A higher solvent temperature supports the chemical reaction of CO2 with the respective chemical solvent 
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component (MEA, DGA or K-Gly). In all tests with membrane contactors the solvent temperature level was 
significantly lower than that in the structured packings column. Again, only in the tests with MEA the solvent 
temperature increased to a level sufficient to promote a fast reaction of CO2 in the solvent. For the other solvents the 
mass transfer through the membranes was limited, so that the resulting heat of reaction was not high enough to reach 
a beneficial solvent temperature for the particular chemical reactions. 
The pilot tests delivered information on the operational behaviour of membrane contactors. Stable operation with 
fast achievement of specific working points is possible.  
As expected, the reduced mass transfer of oxygen through the membrane pores into to the MEA solvent has been 
approved. The oxygen incorporation in DGA and K-Gly is generally limited [1], so that no significant difference 
between the dispersive mass transfer in structured packings and membrane contactors was determined. 
The experiences of the pilot tests implicate, that the deployed PP membrane is not suitable for this application. 
The hydrophilization advances quickly during the operation time of the membrane contactors. This resulted in a 
major trespass of solvent into the gaseous phase after a few hours of operation. This is probably caused by changes 
in the structure, porosity and surface energy of the PP membrane [4].  
5. Outlook 
The experiments have shown that promising operating characteristics can be achieved with membrane contactors. 
However, in order to improve the mass transfer, further efforts concerning membrane selection and optimization of 
module construction are necessary. For example, membranes with smaller wall thicknesses could enhance the mass 
transfer of the CO2. Furthermore, the exchange of membrane material could prevent membrane wetting and 
subsequent breakthrough of solvent. Here, membranes made of hydrophobic PTFE could be a promising alternative 
as it delivers smaller pores (< 0.1 m) and consists of a chemically stable, hydrophobic polymer. For solvents like 
water or K-Gly also PP might be applicable. Another topic for further investigations is the long time stability and 
possible effects caused by fouling. 
In addition, the development of adaptive regulation of transmembrane pressure as well as the L/G ratio for 
optimized CO2 mass transfer will be important. Finally, membrane contactors could also be useful for CO2 removal 
from biogas and synthetic gas.  
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